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Abstract: We report a simple and inexpensive approach to directly assemble arrays of cadmium sulfide
(CdS) semiconductors onto transparent flexible poly(ethylene terephthalate) (PET) sheets via a polymer-
mediated selective nucleation and growth process from an aqueous solution. This strategy of assembling
functional materials onto plastics utilizes the surface functional molecules of the UV photooxidation patterned
polymer to direct the nucleation and growth of CdS. We demonstrated that such assembled structures are
viable for flexible macroelectronics, as manifested by the fabrication of CdS photodetector arrays on PET
that can withstand bending. The best devices exhibited a specific detectivity of 3 x 10 cm HzY2 W~! at
514-nm excitation wavelength at a modulation frequency of 90 Hz at room temperature. This direct assembly
strategy eliminates additional lithography and etching steps during the deposition of the active inorganic
semiconductor layer, is general to other inorganic materials and plastic substrates, and can enable low-
cost, wearable, and/or disposable flexible electronics.

Introduction processing that have been studied since the 29729sre highly
compatible with polymer substrates because of the absence of
high-temperature processing and the use of benign solvents in
semiconductor formation and fabrication. However, patterning
the functional materials that are synthesized from solution on
We polymer sheets requires top-down fabrications and the
subsequent chemical etching steps. Inspired by the biominer-
ealization processes where organic matrices direct the nucleation,
growth, and assembly of inorganic materials and control the

The intense interest in exploiting plastics as substrates for
macroelectronic applications stems from their advantages of
flexibility, light weight, low cost, and roll-to-roll processirig1°
However, conventional semiconductor processing often limits
the use of an assortment of organic substrates because of thei
chemical compatibility and thermal stability during the fabrica-
tion process. To address these challenges, current efforts in th
fabrication of flexible devices often utilize a “transfer step” . : I .
where previously prepared crystals or nanostructures are Iatetjocat'on' size, and shape of the biominefaig? we herein

assembled onto plastic sheets via a solution- or dry-processec{eloort a simple. and ingxpensive approaCh to directly assemble
fabrication using various methods, for example, Langruir arrays of cadmium sulfide (CdS) semiconductors onto transpar-

Blodgett transfet1~13 solution-coating; or stamping~: On ent flexible poly(ethylene terephthalate) (PET) sheets via a

the other hand, solution-based semiconductor synthesis ancpolymer-directed selective nucleation and growth process via
' an aqueous solution and demonstrate photodetector device arrays
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Figure 1. Schematic diagram for the direct assembly of CdS on polymer substrates and the fabrication of CdS-based flexible electronic devices. (a) Selective
photooxidation of PET using 254-nm UV light to produce patterned surface carboxylic acid groups. (b) Exposure of the selectively oxidized PET in an
aqueous growth solution. (c) Directed nucleation of CdS films to form an array on the non-irradiated regions of the PET. (d) Deposition of In/Au metal
contacts on the CdS films to form an array of photodetector devices.

the introduction of differing surface organic functionalities on
the polymer substrates, which can promote heterogeneou

suppress nucleation events in the other até&%2> Surface
molecules in the form of self-assembled monolayers (SAMs) &
with varying functionalities on metal surfaces have been [BE¥
successfully utilized to direct the assembly of inorganic crystals
of CaCQ (calcite)?* PbS and Zn$ ZnO 26 and organic crystals

of anthracen@’ The use of the polymer substrates allows us to
exploit the inherent surface functional groups of the polymer
maitrix to assemble semiconducting or other functional materials roure 2. Latoral § _ he of  selectively UV-iadiated PET

H ; 7 gure 2. ateral force micrograpns or a selective -Irradiate:
directly. Furthermore, thensulating polymer substrate back- sugbstrate: (a) height and (b) f?ict?on mode images. ¥I'he dashed squares in

plane, as opposed to theetallic substrates used in SAMS, () and (b) highlight the non-irradiated regions of the polymer. (c) Height
enables the fabrication of electrical devices with these solution- analysis of the sample across the irradiated and non-irradiated regions.
assembled arrays. The strategy employed here eliminates the . . . )
vacuum and high-temperature fabrication processes and thePClymer using lateral force microscopy (LFM) in the height
transfer step, therefore reducing the cost of device fabrication. 2nd friction modes; LFM is a modified AFM technique that
Unlike traditional thin film processing, no additional chemical a.n.alyzes_ the tqrsmnal .force exerted on a slightly hydrophilized
etching after lithography of the predeposited thin films is needed Silicon nitride tip that is scanned at an angle 0_1“.9_‘030 The
since the functional materials are already selectively patterned"€ight mode image (Figure 2a) shows very little distinct physical

on the substrate through directed nucleation and growth. changes across the polymer surface. Closer inspection reveals
very slight topographical changes in the height and the rough-

Results and Discussion ness: the non-irradiated regions are slightly rougher (root mean

Selective Polymer Surface PhotooxidationOur approach ~ Sduare, rms, roughnesg, = 3.7+ 0.3 nm) and more elevated
to device fabrication is illustrated in Figure 1. To introduce (Figure 2c) than the irradiated regior(= 2.7 + 0.2 nm).
various patterned surface functionalities, PET was first irradiated MOre importantly, the friction mode image (Figure 2b) reveals
with UV light in air under a photomask with square patterns "€cognizable darker square patterns of approximatelyi:m?
(Figure 1a). Such UV irradiation is known to create carboxylic €&ch, corresponding to the areas blocked by the photomask
acid groups on the surface of the exposed regions of the during the UV exposure. These squares are darker because the

polymer28 We first verify the surface functionalization of the ~ frictional force between the hydrophilizecsSi tip and the non-
irradiated hydrophobic polymer surface is smaller, whereas

i
0 % (wm) 29

c
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Figure 3. Fluorescent micrographs of the selectively UV-irradiated PET
with (a) 75- and (b) 5Q:m square patterns. The bright regions indicate the
location of the surface carboxylic acid groups that are generated upon UV
exposure and later labeled with 5-(aminoacetamido)fluorescein. The dark
regions are the nonexposed, native PET.
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Figure 4. Powder X-ray diffraction of homogeneous solution-grown CdS.  Figure 5. Arrays of polycrystalline CdS films of different sizes on PET

The diffraction peaks are indexed to the greenockite (wurtzite) structure Substrate assembled from solution. (a, b) Optical and scanning electron

(JCPDS 41-1049). images of two different arrays of CdS films assembled on the polymer. (c)

A scanning electron micrograph of an individual CdS patch. Arrows point

carboxylation of the irradiated regions makes the surface interactt© the homogeneously grown CdS particles that are randomly deposited
more strongly with the hydrophilic tip onto either PET or surface-nucleated CdS. (d) A higher magnification of

g - (c) showing a dense and continuous film. (e) An atomic force micrograph
The selective carboxylation of the polymer due to UV of an individual CdS patch, and (f) its corresponding height profile.

exposure was further verified using fluorescence microscopy
by specifically tagging the UV-generated carboxylic acid groups In comparison, the native regions of the PET polymer surface
with a common fluorescent tag, 5-(aminoacetamido)fluorescein. are more suitable to allow deposition of the CdS film. The
Using a similar square pattern of the photomask used in Figure chemical contrast between the different regions is the most
2 (but with larger square sizes), we preferentially observed the critical factor in differentiating the nucleation and growth, just
fluorescent dye and thus the surfac€OOH groups on the  as in the biomineralization processes, where the functional
irradiated regions, as seen in the bright areas in the fluorescentgroups of organic matrix direct the nucleation of inorganic
micrographs (Figure 3). The non-irradiated regions, which retain materials?>:23 Figure 5a,b shows an assortment of arrays of
the structure of the native polymer, remain unlabeled and dark polycrystalline CdS films formed on the PET sheets after
under the fluorescent microscope. Figure 3 clearly shows a goodmultiple deposition cycles with the sizes of the arrays ranging
edge resolution between the irradiated and the native regionsfrom 4 x 4 um? to 150 x 150 um? and the periodicity of the
of the polymer, which later translates into the formation of well- arrays from 12:m (for a 4 x 4 um? square) to 30@m (150 x
resolved patches of CdS. 150um? square), as defined by the photomask design. The CdS
Patterned CdS Film Formation. We then expose the nucleates and grows uniformly thoughout the non-irradiated
selectively photooxidized PET films upside down in a growth regions of the PET (as opposed to an initial preferential
solution of CdC}, thiourea, and hexamethylenetetramine (HMT) nucleation along the border of the irradiated and non-irradiated
(see Experimental Section) at temperatures between 50 andegions of the polymer) and thickens gradually through each
95 °C (Figure 1b), which results in the formation of polycrys- deposition cycle, as seen in a series of micrographs showing
talline CdS films on the native, unexposed regions of the PET the patterned CdS film growth stopped and inspected at various
(Figure 1c). CdS crystals are produced because the sulfide ionsstages of the growth process (Figure S1 in the Supporting
are released slowly from the decomposition of thiourea and reactinformation). The arrays are deposited over the entire substrate,
with the C&" ions in solutiont* Powder XRD confirms that  the total area of which is limited by the size of the polymer
these precipitates are of the wurtzite structure of CdS (Figure sheet employed. The individual CdS films are dense, compact,
4). We observed that the UV-irradiated regions, which have continuous (Figure 5c,d), and well-adhered on the polymer
surface carboxylic groups, inhibit heterogeneous nucleation of substrate even after sonication and multiple cycles of Scotch
CdS. This is similar to the previous observation that carboxyl- tape peel-off tests (Figure S2 in Supporting information) and
terminated SAMs suppress nucleation of ZnO microcrystals thus suitable for the fabrication of thin film devices. Using AFM,
grown from aqueous solutid§.It is possible that the Cd ions we measured the height of these films to be approximately 150
complex with the surface carboxylic acid groups, thereby nm (Figure 5e,f). Despite efforts to lessen the occurrence of
making the cations less readily available to react with the sulfide the random attachment of homogeneously grown CdS (see
ions and suppressing the initial nucleation of the CdS crystallites. Experimental Section), such deposition still occasionally occurs
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Figure 6. Arrays of photodetector devices based on CdS and characterization of the photoconducting properties. (a) An array of devices on the transparent
flexible PET substrate. (b) An optical micrograph of a single photodetector device. (c) Dark and photocurrents at different irradiation poesudeesi

a 514-nm laser static irradiation of a CdS film grown at €5 from the solution containing 10 mM Cdg£l4.3 mM HMT, and 15 mM thiourea. (d)
Schematic diagram for the time-dependent signal current measurement using a chopper, a load resistor, a lock-in amplifier, an oscilloscapegand a so
meter. (e) Or-off switching of the CdS film grown in the same conditions as (c) using 514-nm laser chopped at 90 Hz at different power densities and a
bias voltage of 60 V.

on the COOH-terminated PET regions or surface-nucleated CdSirradiation is 16uA, a 100-fold increase from the dark current.
(arrows in Figure 5c). Although these particles are generally The time-dependent photoresponse of the CdS film was further
larger than the heterogeneously grown materials, consistent withinvestigated using the circuit diagram shown in Figure 6d with
previously reported homogeneously grown particles of &dS, a 514-nm laser chopped at 90 Hz. The response using the same
they do not pose any problems during device fabrication. Using CdS device analyzed in Figure 6¢ under different laser power
very similar approaches, we have also preliminarily succeededis shown in Figure 6e. At a low laser power density of 0.458
in assembling other functional inorganic materials, such as mwi/cn?, the peak-to-peak currenty{p) is 0.9 uA at a bias
copper sulfide and nickel sulfide, into patterned thin films on voltage of 60 V. At a higher irradiance of 17.8 mW/& o«
PET substrates (Figure S3 in the Supporting Information). at the same voltage is 2/8A. In addition to the increase of
Photodetector Devices.Using the arrays of CdS films  In—pk With increasing laser power, the DC current also increases
assembled via this solution assembly approach, we havebecause of either a rise in the density or the mobility of the
demonstrated low-cost and flexible macroelectronic devices on charge carrierd® consistent with the previously reported pho-
the insulating polymer back plane. CdS ismatype semicon- toconducting behavior of single and polycrystalline C4%.
ductor with a direct band gap of 2.4 eV and has excellent It can also be readily seen from Figure 6e that the OFF current
photoconducting properties in the visible spectrum rai3ge. under the dynamic irradiation at a high laser power does not
Metal electrode (In/Au) patterns are defined over these large- return to the same level as the OFF current at low laser power
scale arrays of CdS films using photolithography (Figure 1d) irradiation. This has been previously attributed to the trapping
to produce centimeter-scale CdS-based device arrays on theof the photogenerated holes, which slows down the recombina-
transparent PET sheet (Figure 6a). An optical micrograph of tion with the free electrons and increases the majority carrier
an individual photodetector device (Figure 6b) shows ax75 lifetime.1>36 These trap sites can be reduced, and thus the
75 um? patch of CdS film contacted by interdigitated In/Au recombination of electrons and holes increased with an increase
electrodes. A typical photoconductive response of the CdS film in the thiourea concentration, as seen in the time-dependent
that was grown from a solution containing 10 mM CgCl.3 response of a photodetector device shown in Figure 7, where
mM HMT, and 15 mM thiourea at 65C under 514-nm argon-  the CdS film was synthesized from a solution containing 10
ion static illumination at different power densities is shown in mM CdCh, 4.3 mM HMT, and 37.5 mM thiourea at 6%.
Figure 6¢. The photocurrent passing through the CdS devicesNote that the OFF currents for both high power (17.8 mW/
increases with increasing laser power. For instance, at a biascn?) and the low power (0.458 mW/cnirradiation in Figure
voltage of 30 V, the dark current passing through the film is 7 are almost at the same level, which indicates that the
0.083 uA, whereas the photocurrent under a 17.8 mW/cm recombination of the free electrons and holes readily occurs.

(31) Lincot, D.; Borges, R. QJ. Electrochem. S0od.992 139, 188Q (33) Bube, R. HAnnu. Re. Mater. Sci.1975 5, 201.

(32) Kruse, P. W.; McGlauchlin, L. D.; McQuistan, R. Blements of Infrared (34) Frerichs, RPhys. Re. 1947 72, 594.
Technology: GeneratigniTransmission, and Detectionyiley & Sons: (35) Kuwabara, GJ. Phys. Soc. Jprl954 9, 97.
New York, 1962. (36) Lambe, JPhys. Re. 1955 98, 985.
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178 mWicm’® atures. To produce-150-nm-thick samples, the synthesis at
21 95 °C required changing the growth solution twice every 30
(I min, while at 50°C the synthesis required solution replacement
g 14 four or five times every 12 h.
£ L The decrease i, is accompanied by a less pronounced
g 0+ "\ 0.458 mWiem decrease ins. Therefore, this leads to an improvement in the
o = signal-to-noise ratio anB*. Figure 9 shows thB* as a variant
-1- 1 ' ’ _L i ‘ I \ -l- of the thiourea concentration {35 mM) and synthesis tem-
" e perature (56-95 °C). In general D* increases with a rise in

-2 . . . y the thiourea concentration and a decrease in the synthesis
-0.06  -003 0.0 003 006 temperature except for samples grown at°@5 in which the

Time (s) trend is not very consistent for reasons yet unknown. The best
Figure 7. Time-dependent photoconductor response of a CdS film grown D* among the CdS photodetectors we examined here ix2.1
from a solution containing 10 mM Cdgl14.3 mM HMT, and 37.5 mM 10 cm HZ/2 W1, which is observed for the sample grown at

thiourea at 65°C under different power densities of the laser and 60-V . .
bias voltage. Th®* values are 9.&) 101 and 3.0 101 cm HA2W for a thiourea concentration of 15 mM and a temperature ¢ia0

17.8 and 0.458 mW/ctnrespectively. A higher thiourea concentration (37.5 mM thiourea at°€j
was examined to further decrease thealue (as predicted by
Enhancement of the Photodetector PerformanceThe Figure 8a) and increas®*. Even though the resultinB* is
performance of the CdS photodetectors is evaluated by deter-gjightly higher at 3.0x 10 cm HZ/2 W~ (for an irradiation
mining the specific detectivityl{*), which is defined as power of 0.458 mW/cr), thels at which theD* is observed is
too small to make such device practicably useful (Figure 7). In
D* = ls * (AdAf)llz this device, the photocurrent at low irradiation is almost buried
[\HA in the background current. A lower synthesis temperature of

. . . o 40 °C was also attempted but this took a significant amount of
wherels is the rms'S|gnaI current due to the irradiation of the deposition time (7 days) and did not yield films dense enough
photoconductor with the 514-nm laser chopped at a 90-Hz to allow for meaningful measurementsf. However, we do

frequency | is the rms noise current] is the irradiancep is believe that the photoconducting properties of these CdS devices
the active area of the detector defined by the electrode can be further improved since the measured noise current is
configuration, and\f is the equivalent noise bandwidtD is still at least 2 orders of magnitude more than the theoretical

normalized to the active detector are)(and the equivalent  shot noise limit (dashed lines in Figure 8b,d) and the estimated
noise bandwidthAf) and is commonly used as a materials figure  johnson noise (plotted for each device in Figure 8b,d). Such
of merit describing the photoconductor sensitivityFor ex- enhancements should address the reduction of trap states
ample, theD* for the CdS sample shown in Figure 6e at low associated with grain boundaries which are known to affect
laser power is 1.1x 10" cm HZ”2 W™ Because of the in polycrystalline photoconductdwithout possibly reducing
normalization to active areaB* for the same type of CdS film ls, and these may come from d0p|ng during film formation or

is not significantly different between different photodetector |ow-temperature post-deposition treatments, such as halide,
electrode configurations, such as simple square electrode gapgxygen, or sulfur vapor exposure or other solution treatnfénfts.

and interdigitated electrode patterns (Figure S4 and Table SlA'SO, growing one microcrysta| per surface nucleation?¢ige

in the Supporting Information). ~ can certainly enable essentially single-crystal device that can
To improveD*, we investigated the effects of the synthetic  further enhance the device performance.

conditions, mainly the growth temperature and the ratio of the

thiourea to cadmium ions, which increase ther decrease the D* of these CdS photodetectors made from solution is modest

In. At a constant temperature of 86, an increase in the thiourea compared to those high-temperature vacuum-processed CdS
concentration results in a decrease in the dark current (orfilms (which have a reporteB* of 101 cm HZ/2 W~1),%2 their

increase in the resistanc®, of the film) (Figure 8a). This
suggests that sulfur vacancies, which contribute to the carrier
concentration of then-type CdS films, are reduced with the
introduction of more sulfur precursor during growth. There is
also an associated reductionljnwith the increase of thiourea,

as seen in Figure 8b. When the thiourea concentration is held
constant at 15 mM, a decrease in synthesis temperature result

in a decrease in both dark current (Figure 8c) andFigure i fnction as flexible photodetectors. Figure 10a shows the

8d). _This Is likely due_to the_ slower precipitation and Ioose_ photoconductor response of a representative CdS photodetector
packing of the CdS grains during a lower temperature Synthes's'device before, during, and after it was subjected to bending at

compared to the higher-temperature deposition, which can resultVarious radii of curvaturer(= 1.35 and 0.95 cm) by taping the
in a less direct charge carrier path across the films and a higher

R. Lower temperature formation of CdS generally produces

. . i > (38
fewer precipitates, and therefore an adjustment in the deposition(39
cycle had to be made during the synthesis at different temper- @

Implications for Flexible Macroelectronics. Although the

performance is adequate for many practical applications. We
emphasize that our direct assembly approach offers many
advantages over the high-temperature fabrication. One advantage
is certainly the flexibility offered by the polymer substrate,
which is easily incorporated during the solution-based assembly
route employed here. The fabricated CdS-based devices on PET
Substrates were tested at various bending conditions to verify

) Carbone, A.; Mazzetti, FRhys. Re. B 1998 57, 2454.

) Oigawa, H.; Fan, J. F.; Nannichi, Y.; Sugahara, H.; OshimaJj. J.

Appl. Phys., Part 21991, 30, L322.

0) Chu, T. L.; Chu, S. S.; Schultz, N.; Wang, C.; Wu, C.JQElectrochem.
)

Soc.1992 139, 2443
(37) Jones, R. CRev. Sci. Instrum.1953 24, 1035. (41) Talapin, D. V.; Murray, C. BScience2005 310, 86.
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Figure 8. Performance of the CdS photodetectors at various experimental conditions. (a, b) Dark and noise currents at a constant synthesis temperature of
65 °C and various thiourea concentrations. (c, d) Dark and noise currents at a constant thiourea concentration of 15 mM and various synthesistemperature
Dark current was measured directly on the CdS device without a load resistor. Noise current was measuited thidi2goad resistor. Data points in (b)

and (d) were measured for a given set of experimental conditions at 20-V increments. The shot noise, as well as the estimated Johnson noisedor each of th

device, is plotted for comparison with the experimental noise values in (b) and (d).

Back to Flat

r=095cm

Normalized Response

Figure 9. Specific detectivity of photodetector devic&s;, as a function Time (s)
of the experimental conditions for the CdS films with thickness of about Figure 10. Flexible CdS photodetector response under various bending

150 nm. tests. (a) Time-dependent photoconductor responses (chopping frequency
. ) of 150 Hz) of a CdS device on PET substrate subjected to different radii of
PET substrates to common glass vials (Figure 10b). No curvature. (b) A picture of a bent PET substrate that contain arrays of CdS

significant device deterioration or obvious CdS film cracking devices taped around a glass vial with a 0.95-cm radius.
and peeling was observed in these bending tests, making this
solution-based assembly approach a viable route in fabricatingthe devices, the overall process still represents a lower-cost route
lower-cost flexible devices. to the fabrication of large arrays of macroelectronic devices.
Furthermore, this solution-processed assembly uses simple
inexpensive, non-vacuum, and low-temperature synthesis in
depositing and patterning the active semiconductor layer that We have demonstrated a simple and inexpensive strategy to
complements the cheap substrate utilized in fabricating lower- assemble functional materials onto flexible polymer substrates
cost devices. This synthetic route directly utilizes flexible using surface functional molecules to guide the nucleation and
polymer substrates and is highly compatible with continuous growth directly from an aqueous solution. We have exploited
roll-to-roll processing through pulsed UV masking and solution such assembled structures for flexible macroelectronics, as
chemical bath. No additional transfer, lithography, or post- exemplified by the fabrication of viable CdS photodetector
deposition chemical etching steps are necessary to process tharrays on flexible PET substrates with specific detectivity as
semiconductor layers further because the functional material high as 3x 10 cm HZ/2 W1, This general approach of
with good physical properties is already selectively assembled assembling functional materials can be readily adapted to a wide
or patterned onto the polymer substrate. Although more variety of polymeric substrates with varying surface function-
expensive methodologies of photolithography and metal evapo-alities and complex or arbitrary shapes (e.qg., fibers or spheres),
ration are still employed in defining the metal electrodes for as well as to a vast selection of solution-grown functional

‘Conclusion
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inorganic materials in multiple layers to enable many other types ethylcarbodiimide hydrochloride and 0.5 mM 5-(aminoacetamido)-
of devices. This can potentially lead to the development of low- fluorescein in 100 mM phosphate buffer at pH 7. The reaction vessel
cost, flexible, wearable, and/or disposable technologies, limited Was sealed and allowed to shake slowly for 40 h in the dark. The
not only to electrical devices but also to energy conversion and Polymer was then rinsed thoroughly with 100 mM phosphate buffer

sensor applications.

Experimental Section

Materials and Chemicals. Sheets of PET (thickness 0.2 mm),
anhydrous cadmium chloride=09.0% pure), HMT (99%), thiourea
(99.0%), and\-(3-dimethylaminopropyIN'-ethylcarbodiimide hydro-
chloride were purchased from Sigma-Aldrich. The fluorescent tag,
5-(aminoacetamido)fluorescein was purchased from Invitrogen Mo-
lecular Probes. These chemicals were used without further purification.
Distilled deionized water was utilized in preparing the stock solutions.
The plastic, cut to approximately 1.3 cm 2.5 cm in size, was

ultrasonically cleaned in water, acetone, and water successively for 10

min each and kept dry in an oven at 80 before use.
Assembly of CdS Arrays from Solution. Selective carboxyl
functionalization was performed on the dried polymer sheets by placing

them under a photomask and then irradiating them using a 254-nm

UV light at 18.6 mW/cm for 20 min under atmospheric conditions.

The photooxidized PET sheets were placed upside down in an aqueou

growth solution that contained 10 mM of CdC#.3 mM of HMT,
and various concentrations of thiourea at-8® °C. To minimize the

random attachment of homogeneously grown CdS, the growth solutions

were repeatedly replaced when they showed signs of yellow CdS

precipitates. The solution exchange was repeated until a continuous

dense film on the polymer was visible under an optical microscope
(i.e., solution was changed twice every 30 min for deposition done at
95 °C; three or four times evegrl h at 65°C; and four or five times
every 12 h at 50°C). In between the exchange, the polymer sheets
were ultrasonicated in water for 10 s to further eliminate the

homogeneously formed precipitates that are randomly adsorbed on PET

After the final deposition, the CdS-containing polymer was rinsed with
ethanol and then Ndried.
Structural and Chemical Characterization. SEM images were

S

(pH 7) and then water and later dried with Bas.

Photodetector Device Fabrication and Characterization.Inter-
digitated In (70 nm)/Au (70 nm) metal electrodes were defined on the
resulting arrays of dense CdS film using standard photolithography and
deposited using resistive (for In) and e-beam (for Au) evaporation. To
connect the individual devices, copper wires were glued onto the metal
electrodes using a conducting epoxy and later cured atC5@r 15
min. For photocurrent measurements, the 514-nm line of an argon-ion
laser was attenuated with neutral density filters and expanded to irradiate
the devices while a source voltage was applied directly to the
photoconductor and the DC current was read from a Keithley 2400
source meter. Dark currents were measured on the device that had been
kept in the dark for at least 12 h. For time-dependent measurements,
the schematic circuit diagram shown in Figure 6d was used to determine
the rms signal and noise currents. The load resistor used wa®,1 M
and the chopping frequency was 90 Hz. Voltage was sourced through
a Keithley 2400 source meter. Bdtfandl,, were read from the Stanford
Research SR830 lock-in amplifier at a time constdrit ® and a rolloff
of 6 dB/oct. Specific detectivity was calculated usibf = [lJ
(IHAQ)*(AANY2, where |5 is the rms signal current due to the
irradiation of the photoconductor with the 514-nm laser chopped at a
90-Hz frequencyl, is the rms noise current is the irradianceAq is
the active area of the detector defined by the electrode configuration
(which is equal to 57Q:m? for the interdigitated electrode design),
andAf is the equivalent noise bandwidth. Proper neutral density filters
were chosen to attenuaké that would maximizel/H. For bending
experiments, photocurrent measurements were carried out on the CdS
devices grown from a solution containing 10 mM Cg@.3 mM HMT,
and 10 mM thiourea at 635C on polymer substrates that were taped
on the outer surface of glass vials with various radi< 1.35 and
0.95 cm).
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Supporting Information Available: The evolution of the CdS

Fluorescence microscopy was performed using a Nikon Eclipse ME60O i, morphology through increasing deposition cycles, the

fluorescence microscope on the selectively functionalized polymer

substrates, where the carboxylic acid groups generated during photo-

oxidation were labeled with a fluorescent tag 5-(aminoacetamido)-
fluorescein by adapting a previously reported procedtBriefly, the
selectively UV-irradiated polymer was placed in a reaction vessel
containing a solution of 0.5 mMN-(3-dimethylaminopropyIN'-

(42) MccCarley, R. L.; Vaidya, B.; Wei, S. Y.; Smith, A. F.; Patel, A. B.; Feng,
J.; Murphy, M. C.; Soper, S. Al. Am. Chem. SoQ005 127, 842.

14302 J. AM. CHEM. SOC. = VOL. 129, NO. 46, 2007

adherence of the CdS films on the PET substrates analyzed using
a simple Scotch tape peel-off test, the arrays of other functional
inorganic materials on PET substrates grown from solution, and
the comparison oD* using different metal electrode configura-
tions. This material is available free of charge via the Internet
at http://pubs.acs.org.
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